Although three-phase induction motors are the most common motor type in industry, a growing interest has arisen in emerging electric motor technologies like synchronous reluctance motors and permanent magnet motors. Synchronous reluctance motors are a step forward compared to permanent magnet motors when the cost of the system is considered. The main focus of this study is low-power industrial applications, which generally use three-phase induction motors. In this study, the synchronous reluctance motor family is compared at three different power levels: 2.2 kW, 4 kW, and 5.5 kW. The aim of this study is to design and compare synchronous reluctance motors, which can be alternative to the reference induction motors. Finite element analysis is performed for the reference induction motors initially. Their stators are kept the same and the rotors are redesigned to satisfy output power requirements of the induction motors. Detailed design, analysis, and optimization processes are applied to the synchronous reluctance motors considering efficiency, power density, and manufacturing. The results are evaluated, and the optimized designs are chosen for each power level. They are prototyped and tested to measure their performance.
Introduction
Increasing attention to energy efficiency makes electric motor technology important when considering the percentage of their energy consumption. Different types of electric motors are used in low-power industrial applications dependent on the needs of the system. However, market research shows that a great majority of industrial motors are still induction motors. Permanent magnet motors and synchronous reluctance motors are becoming an alternative solution for low-power industrial applications. Even though permanent magnet motors are more efficient compared to induction motors, their cost is still higher because of the permanent magnet. Demagnetization is another drawback of permanent magnet machines. Synchronous reluctance motors (SynRMs) have become prominent since the rotor does not have any conductor or any permanent magnet. It costs almost the same as the induction motor, and its efficiency is higher at the same power ratings.
There are many studies on synchronous reluctance machines in the literature. Kostko published the first paper titled "Polyphase Reaction Synchronous Motors" in 1923 [1] . The theory of synchronous reluctance machine was established the first time in this paper. However, SynRM was not an alternative to industrial induction machines in those days due to the lack of starting capacities and relatively low efficiencies. Cruickshank et al. published a paper titled "Axially Laminated Anisotropic Rotors for Reluctance Motors" and they proposed the axially laminated SynRM structure [2] . This motor was
Torque Equations
The synchronous reluctance motor does not have a permanent magnet and conductor in its rotor compared to the permanent magnet motor and induction motor. The torque is equal to the reluctance torque, which is produced by saliency between d and q axes inductances. The ratio between d and q axes inductances is defined as the saliency ratio. This ratio directly affects the torque production of the synchronous reluctance motor. The general torque equation of this motor is in Equation (1) as [21] :
where p is the pole pair number, λ ds , λ qs are d and q axis stator flux linkages, i ds , i qs are d and q axis stator currents. Rotor currents are zero at steady-state, so the flux linkages can be expressed as a function of d-q axis inductances L d and L q , respectively, as given in Equations (2) and (3) .
λ ds = L ds i ds (2) λ qs = L qs i qs (3) In this study, the reference induction motors and the newly designed synchronous reluctance motors are compared for three different power levels at 2.2 kW, 4 kW, and 5.5 kW for low-power industrial applications. The stators and ampere-turns of the induction motors are kept the same during synchronous reluctance motors design procedures to make a fair comparison. The rotors of the induction motors are designed again considering the reluctance motor parameters. The design procedure steps are given in Figure 2 schematically. In the design step, the rotor barrier effect is analyzed by considering a different number of rotor barriers and shapes. The air gap is also a parameter, although the stator dimensions and the ampereturns are kept the same. Uniform and salient air gap structures with different radial air gap lengths Pre In this study, the reference induction motors and the newly designed synchronous reluctance motors are compared for three different power levels at 2.2 kW, 4 kW, and 5.5 kW for low-power industrial applications. The stators and ampere-turns of the induction motors are kept the same during synchronous reluctance motors design procedures to make a fair comparison. The rotors of the induction motors are designed again considering the reluctance motor parameters. The design procedure steps are given in Figure 2 schematically. The saliency ratio between the Ld and Lq inductances has a vital role in obtaining higher torque values.
Design Methodology and Parameters
The design methodology consists of three main stages: Electromagnetic, structural, and thermal designs. These design stages are given in Figure 1 as blocks, and each main block affects each other. Design criteria block is the input for the electromagnetic design. The electromagnetic design block includes motor sizing, optimizing, and finite element analysis of the optimized motor design. Ergene et.al proposed a multi-parameter chart, including rotor geometric parameters for 2.2 kW motor [22] . At the end of the electromagnetic design procedure, a structural design procedure begins. The procedure supplies feedback to previous design procedures and updates the design following the same design steps, respectively. In this study, the reference induction motors and the newly designed synchronous reluctance motors are compared for three different power levels at 2.2 kW, 4 kW, and 5.5 kW for low-power industrial applications. The stators and ampere-turns of the induction motors are kept the same during synchronous reluctance motors design procedures to make a fair comparison. The rotors of the induction motors are designed again considering the reluctance motor parameters. The design procedure steps are given in Figure 2 schematically. In the design step, the rotor barrier effect is analyzed by considering a different number of rotor barriers and shapes. The air gap is also a parameter, although the stator dimensions and the ampereturns are kept the same. Uniform and salient air gap structures with different radial air gap lengths are considered for the design. Lastly, the insulation ratios of the synchronous reluctance motors are In the design step, the rotor barrier effect is analyzed by considering a different number of rotor barriers and shapes. The air gap is also a parameter, although the stator dimensions and the ampere-turns are kept the same. Uniform and salient air gap structures with different radial air gap lengths are considered for the design. Lastly, the insulation ratios of the synchronous reluctance motors are evaluated. Efficiency, cost, and power density of each design are compared to those of the reference induction motor to obtain the optimum design for low-power industrial applications, such as pumps and fans.
Multi Parameter Design Steps of SynRMs
The parameters, such as barrier number, end bridge thickness, air gap dimension, and insulation ratio, are used on the motor model in FEA to obtain an optimized motor in terms of cost, efficiency, and serial production limits [22] . The rotor design parameters are shown in Figure 3 . evaluated. Efficiency, cost, and power density of each design are compared to those of the reference induction motor to obtain the optimum design for low-power industrial applications, such as pumps and fans.
The parameters, such as barrier number, end bridge thickness, air gap dimension, and insulation ratio, are used on the motor model in FEA to obtain an optimized motor in terms of cost, efficiency, and serial production limits [22] . The rotor design parameters are shown in Figure 3 . Some constraints are imposed on each step. The outer and inner stator diameter, the winding distribution, the stator slot number, the stator, and rotor material are defined as constant in the analysis. Specific constraints are only used on certain steps. The barrier number parameter is examined first. The thickness effect of end bridges is analyzed for two flux barriers. The Ld/Lq ratio varies due to both the flux barriers' numbers and their shape. Another parameter analyzed is the flux barrier width variation. It is gradually decreased in the outward radial direction. The air gap effect is evaluated in three different models. Two of them are the uniform air gap in the radial direction, and the third model is the cut-off. Each air gap model is employed on two different numbers of barriers and three different flux barrier structure. The insulation ratio is the final parameter for the simulations. This ratio directly influences the saliency ratio (Ld/Lq). Four different insulation ratios are examined on four different flux barrier motor models with variable and constant width angular flux barriers.
Finite Element Analysis Results

Analysis of the Reference Induction Motors
The reference induction motors have 2.2 kW 4 kW and 5.5 kW rated power values as listed in Table 1 . These induction motors are the mass production commercial type squirrel cage induction motors. The rated voltage is 400 V (line-to-line) for 2.2 kW motor, while it is 690 V for the 4 kW and 5.5 kW motors. The current must be increased to provide the same amount of power if the voltage is 400 V for 4.4 and 5.5 kW. The motor faces danger if the current exceeds the motor's nameplate ratings. Some constraints are imposed on each step. The outer and inner stator diameter, the winding distribution, the stator slot number, the stator, and rotor material are defined as constant in the analysis. Specific constraints are only used on certain steps. The barrier number parameter is examined first. The thickness effect of end bridges is analyzed for two flux barriers. The L d /L q ratio varies due to both the flux barriers' numbers and their shape. Another parameter analyzed is the flux barrier width variation. It is gradually decreased in the outward radial direction. The air gap effect is evaluated in three different models. Two of them are the uniform air gap in the radial direction, and the third model is the cut-off. Each air gap model is employed on two different numbers of barriers and three different flux barrier structure. The insulation ratio is the final parameter for the simulations. This ratio directly influences the saliency ratio (L d /L q ). Four different insulation ratios are examined on four different flux barrier motor models with variable and constant width angular flux barriers.
Finite Element Analysis Results
Analysis of the Reference Induction Motors
The reference induction motors have 2.2 kW, 4 kW and 5.5 kW rated power values as listed in Table 1 . These induction motors are the mass production commercial type squirrel cage induction motors. The rated voltage is 400 V (line-to-line) for 2.2 kW motor, while it is 690 V for the 4 kW and Energies 2019, 12, 2190 5 of 20 5.5 kW motors. The current must be increased to provide the same amount of power if the voltage is 400 V for 4.4 and 5.5 kW. The motor faces danger if the current exceeds the motor's nameplate ratings. First, the numerical models of the motors are built using a two dimensional (2D) finite element method (FEM) based commercial software (FLUX2D) with 2D time-stepping vector potential formulation. The 3D effects like the end turns of stator winding are included using lumped circuit parameters in the software. The lumped circuit parameters of the motors are calculated using SIEMENS-SPEED software (V11.04.010, SPEED Laboratory, University of Glasgow, Glasgow, Scotland), which is an analytical motor modelling tool. The outputs are injected to FEM. Whole motor geometries are considered for numerical accuracy.
Both the rotor and stator laminations' magnetic material are Cogent SURA M700 35A silicon steel for these three motors, and its magnetic flux density and magnetic field intensity values are shown in Figure 4a . Only the 5.5 kW induction motor has a double cage rotor, as the other two motors have deep rotor bars. The mesh of the 4 kW reference induction motor is given in Figure 4b . First, the numerical models of the motors are built using a two dimensional (2D) finite element method (FEM) based commercial software (FLUX2D) with 2D time-stepping vector potential formulation. The 3D effects like the end turns of stator winding are included using lumped circuit parameters in the software. The lumped circuit parameters of the motors are calculated using SIEMENS-SPEED software (V11.04.010, SPEED Laboratory, University of Glasgow, Glasgow, Scotland), which is an analytical motor modelling tool. The outputs are injected to FEM. Whole motor geometries are considered for numerical accuracy.
Both the rotor and stator laminations' magnetic material are Cogent SURA M700 35A silicon steel for these three motors, and its magnetic flux density and magnetic field intensity values are shown in Figure 4a . Only the 5.5 kW induction motor has a double cage rotor, as the other two motors have deep rotor bars. The mesh of the 4 kW reference induction motor is given in Figure 4b . The normal components of the air gap flux densities for a geometrical cycle at t = 0.5 s and the torque profiles of the motors are presented in Figure 6 for the rated load at the rated voltage and The equi-flux lines showing the four-pole distribution and color shade of flux densities at t = 0.3 s for the three reference induction motors are given in Figure 5 . First, the numerical models of the motors are built using a two dimensional (2D) finite element method (FEM) based commercial software (FLUX2D) with 2D time-stepping vector potential formulation. The 3D effects like the end turns of stator winding are included using lumped circuit parameters in the software. The lumped circuit parameters of the motors are calculated using SIEMENS-SPEED software (V11.04.010, SPEED Laboratory, University of Glasgow, Glasgow, Scotland), which is an analytical motor modelling tool. The outputs are injected to FEM. Whole motor geometries are considered for numerical accuracy.
Both the rotor and stator laminations' magnetic material are Cogent SURA M700 35A silicon steel for these three motors, and its magnetic flux density and magnetic field intensity values are shown in Figure 4a . Only the 5.5 kW induction motor has a double cage rotor, as the other two motors have deep rotor bars. The mesh of the 4 kW reference induction motor is given in Figure 4b . The normal components of the air gap flux densities for a geometrical cycle at t = 0.5 s and the torque profiles of the motors are presented in Figure 6 for the rated load at the rated voltage and The normal components of the air gap flux densities for a geometrical cycle at t = 0.5 s and the torque profiles of the motors are presented in Figure 6 for the rated load at the rated voltage and speed given in Table 1 . Four pole distributions with the slotting from Figure 6a ,c,e can be easily seen for each motor.
Energies 2019, 12, x FOR PEER REVIEW 6 of 20 speed given in Table 1 . Four pole distributions with the slotting from Figure 6a ,c,e can be easily seen for each motor. The FEM analysis results of the motors are compared to the test results to validate the motor FEM models. The test bed for the motor tests is given in Figure 7 . The test bed has a reference induction motor, hysteresis eddy current brake, and measurement system. The FEM analysis results of the motors are compared to the test results to validate the motor FEM models. The test bed for the motor tests is given in Figure 7 . The test bed has a reference induction motor, hysteresis eddy current brake, and measurement system.
The no-load and rated load tests are performed due to the IEC standard 60034-2-1. The stator resistances are obtained as given in Table 2 . Eight different voltage (1.1, 1, 0.95, 0.9, 0.6, 0.5, 0.4, 0.3 times of the rated voltage) are applied and measured for the no-load test. No-load stator current and no-load input power are measured for each voltage. The first four voltages (1.1, 1.0, 0.95; 0.90 times of the rated voltage) are used to calculate the iron losses (P fe ). The last four (0.60, 0.50, 0.40, 0.30 times of the rated voltage) are used to calculate the friction and windage losses (P fw ). The no-load test measurements and calculated loss terms are given in Tables 3-5 for 2. 2 kW, 4 kW, and 5.5 kW reference motors, respectively. The no-load and rated load tests are performed due to the IEC standard 60034-2-1. The stator resistances are obtained as given in Table 2 . Eight different voltage (1.1, 1, 0.95, 0.9, 0.6, 0.5, 0.4, 0.3 times of the rated voltage) are applied and measured for the no-load test. No-load stator current and no-load input power are measured for each voltage. The first four voltages (1.1, 1.0, 0.95; 0.90 times of the rated voltage) are used to calculate the iron losses (Pfe). The last four (0.60, 0.50, 0.40, 0.30 times of the rated voltage) are used to calculate the friction and windage losses (Pfw). The no-load test measurements and calculated loss terms are given in Tables 3-5 for 2. 2 kW, 4 kW, and 5.5 kW reference motors, respectively. The load curve test is performed after the thermal regime of winding temperatures is achieved. There are six operating points due to the standard: 1.25, 1.15, 1, 0.75, 0.5, 0.25 times of the rated load are performed. The input power, P in ; output torque, T out ; stator line current, I 1 ; phase-to-phase voltage, V; and speed, n; measurements should be taken for each loading test. The load test results are given for the reference motors in Tables 6-8, respectively. The output powers for the motors are calculated using the measured output torque and speed. The FEM and test results of the reference induction motors are given in Table 9 in terms of the torque, current, power, and efficiency for the rated values. The difference between FEM and test results are in a 10% range and are acceptable. 
Analysis of Synchronous Reluctance Motors
After the analysis of the reference induction motors, synchronous reluctance motor models are built in three power ratings for the multi-parameter analyses and their cross-effect analyses at the same time. Complete motor models are used to obtain high precision during pre-modelling and post-processing steps as in induction motor models.
Graphical illustrations of the rotor barrier numbers and barrier shapes considered for the numerical analysis are given in Figure 8 . The number of flux barriers is analyzed to evaluate the influence on the performance of the motor. The finite element analysis is performed up to four flux barriers since flux barriers saturate after six, and L d -L q inductances show no difference. Three flux barrier shapes are evaluated. Rotor barrier number illustrations are given a to d for barrier number 1 to 4, accordingly, at section (A) and barrier shape illustrations are given e to h for angular, round, angular-round, and cut-off, accordingly, in Figure 8 . The iron guides form an angle with the flux barriers at the angular (A) barrier shape. Off-centered round pieces create iron flux guides at the round (R) flux barriers. Angular-round (A-R) is the last design, which is a combination of the angular and round barriers.
The FEM and test results of the reference induction motors are given in Table 9 in terms of the torque, current, power, and efficiency for the rated values. The difference between FEM and test results are in a 10% range and are acceptable. 
After the analysis of the reference induction motors, synchronous reluctance motor models are built in three power ratings for the multi-parameter analyses and their cross-effect analyses at the same time. Complete motor models are used to obtain high precision during pre-modelling and postprocessing steps as in induction motor models.
Graphical illustrations of the rotor barrier numbers and barrier shapes considered for the numerical analysis are given in Figure 8 . The number of flux barriers is analyzed to evaluate the influence on the performance of the motor. The finite element analysis is performed up to four flux barriers since flux barriers saturate after six, and Ld-Lq inductances show no difference. Three flux barrier shapes are evaluated. Rotor barrier number illustrations are given a to d for barrier number 1 to 4, accordingly, at section (A) and barrier shape illustrations are given e to h for angular, round, angular-round, and cut-off, accordingly, in Figure 8 The torque characteristic results at rated load are given in Figure 9 . The torque ripple due to the number of flux barriers are listed in Table 10 . The torque characteristic results at rated load are given in Figure 9 . The torque ripple due to the number of flux barriers are listed in Table 10 . The rotor structure is not very strong mechanically due to the flux barriers. The tangential end bridges are designed to reinforce the rotor as shown in Figure 3 . Making end bridges very thin results in problems for manufacturing processes. Increasing the end bridge thickness of the rotor causes the torque decrease. The output torque graph for the six different structures is given in Figure 10 . The normal components of flux densities for end bridge thickness are given in Figure 11 . Also, the comparative torque and flux density results are given in The rotor structure is not very strong mechanically due to the flux barriers. The tangential end bridges are designed to reinforce the rotor as shown in Figure 3 . Making end bridges very thin results in problems for manufacturing processes. Increasing the end bridge thickness of the rotor causes the torque decrease. The output torque graph for the six different structures is given in Figure 10 . The normal components of flux densities for end bridge thickness are given in Figure 11 . Also, the comparative torque and flux density results are given in Table 11 . The rotor structure is not very strong mechanically due to the flux barriers. The tangential end bridges are designed to reinforce the rotor as shown in Figure 3 . Making end bridges very thin results in problems for manufacturing processes. Increasing the end bridge thickness of the rotor causes the torque decrease. The output torque graph for the six different structures is given in Figure 10 . The normal components of flux densities for end bridge thickness are given in Figure 11 . Also, the comparative torque and flux density results are given in Figure 10 . Torque outputs of 2.2 kW SynRM due to different end thicknesses for three and four barriers (Data from [22] ). Figure 10 . Torque outputs of 2.2 kW SynRM due to different end thicknesses for three and four barriers (Data from [22] ). The radial air gap width should be proposed as small as possible by considering the mechanical limitations. The air gap can be uniform or cut-off in the radial direction for the synchronous reluctance motor designs. The flux density, average output torque, and torque ripple for different air gap values are evaluated in detail in Figures 12 and 13 , respectively. The radial air gap width should be proposed as small as possible by considering the mechanical limitations. The air gap can be uniform or cut-off in the radial direction for the synchronous reluctance motor designs. The flux density, average output torque, and torque ripple for different air gap values are evaluated in detail in Figures 12 and 13 , respectively. The radial air gap width should be proposed as small as possible by considering the mechanical limitations. The air gap can be uniform or cut-off in the radial direction for the synchronous reluctance motor designs. The flux density, average output torque, and torque ripple for different air gap values are evaluated in detail in Figures 12 and 13 , respectively. The ratio of the sum of flux barrier widths to the sum of iron guide widths in the q-axis direction is defined as 'insulation ratio', k q . If the rotor is completely made of iron without any saliency, the k q would be equal to 0. If the total flux barrier width is equal to that of iron segment width, then k q is equal to 1. Output torque characteristics of the synchronous reluctance motors are presented in Figure 14 . They are operated at the rated load with rated voltage and speed values given in Table 1 .
The average values at steady state and torque ripples as percentage are summarized in Table 12 . The ratio of the sum of flux barrier widths to the sum of iron guide widths in the q-axis direction is defined as 'insulation ratio', kq. If the rotor is completely made of iron without any saliency, the kq would be equal to 0. If the total flux barrier width is equal to that of iron segment width, then kq is equal to 1. Output torque characteristics of the synchronous reluctance motors are presented in Figure  14 . They are operated at the rated load with rated voltage and speed values given in Table 1 . The average values at steady state and torque ripples as percentage are summarized in Table 12 . The ratio of the sum of flux barrier widths to the sum of iron guide widths in the q-axis direction is defined as 'insulation ratio', kq. If the rotor is completely made of iron without any saliency, the kq would be equal to 0. If the total flux barrier width is equal to that of iron segment width, then kq is equal to 1. Output torque characteristics of the synchronous reluctance motors are presented in Figure  14 . They are operated at the rated load with rated voltage and speed values given in Table 1 . The average values at steady state and torque ripples as percentage are summarized in Table 12 . Figure 14 . The output torque variation for different power levels. Structural analysis of the newly designed motors is another important issue to be considered. The stress analysis of the prototyped motors is simulated in ANSYS in order to satisfy the motor's mechanical integrity. The simulation is performed at 1500 min −1 and the mechanic characteristics of the rotor are given in Table 13 . The mechanical analysis is performed to see the total deformation and the equivalent stress on the rotor under the rated operation condition. The simulations and results for total deformation of 2.2 kW motor are given in Figure 15 and Table 14 , respectively. The minimum total deformation and maximum elastic strain values are listed for one and four barriers. A four-barrier structure is more robust than a single barrier with the safety factor of 12.217.
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Prototype Synchronous Reluctance Motors
The overall results are evaluated after the multi-parameter design process. The synchronous reluctance models for prototyping are chosen considering technical parameters like efficiency, torque ripple, production process, etc. The same stator, fan, and housing frames of the reference induction motors are used for newly designed synchronous reluctance motors. Rotor laminations are produced by using wire erosion cut. The lamination structure and motor views for three different power levels are given in Figure 16 and Figure 17a , accordingly. 
The overall results are evaluated after the multi-parameter design process. The synchronous reluctance models for prototyping are chosen considering technical parameters like efficiency, torque ripple, production process, etc. The same stator, fan, and housing frames of the reference induction motors are used for newly designed synchronous reluctance motors. Rotor laminations are produced by using wire erosion cut. The lamination structure and motor views for three different power levels are given in Figures 16 and 17a The ideal motor model achieved from multi-parametric FEM analyses is the angular four variable-width barriers rotor that has kq = 1 insulation ratio. The 4-kW prototyped motor and its test set are shown in Figure 17b . The test system has a generic variable frequency motor driver. The inverter is supplied by a variable AC source. However, the input voltage of the inverter is fixed during the test. In the inverter operating menu, the output power and speed level of the motors are set to the required rated output. The inverter sets the speed and output power of the device under the test. Two power analyzers are used for the measurements in the test systems. The first one is located between the variable AC source and the inverter, and the second one is located between the inverter and the motor. Thus, the motor efficiency, inverter efficiency, and system efficiency can be obtained separately. As a result, SynRM efficiency is calculated by direct measurement of converter output power, corresponding to motor input power (Pin) and the mechanical power output at the motor shaft (Pmech). The test system has a torque sensor to measure the output torque of motor. The measurement is performed due to the IEC standards 60034-2-3 loading test. Six operating points are performed due to the standard: 1.25, 1.15, 1, 0.75, 0.5, and 25 times of the rated load at the rated speed. The input power, Pin; output torque, Tout; stator line current; I1; phase-to-phase voltage, V; and speed, n; measurements are taken for each loading. The load test results are given in Tables 15-17 for 2.2 kW, 4 kW, and 5.5 kW SynRMs, respectively. The ideal motor model achieved from multi-parametric FEM analyses is the angular four variable-width barriers rotor that has kq = 1 insulation ratio. The 4-kW prototyped motor and its test set are shown in Figure 17b . The test system has a generic variable frequency motor driver. The inverter is supplied by a variable AC source. However, the input voltage of the inverter is fixed during the test. In the inverter operating menu, the output power and speed level of the motors are set to the required rated output. The inverter sets the speed and output power of the device under the test. Two power analyzers are used for the measurements in the test systems. The first one is located between the variable AC source and the inverter, and the second one is located between the inverter and the motor. Thus, the motor efficiency, inverter efficiency, and system efficiency can be obtained separately. As a result, SynRM efficiency is calculated by direct measurement of converter output power, corresponding to motor input power (Pin) and the mechanical power output at the motor shaft (Pmech). The test system has a torque sensor to measure the output torque of motor. The measurement is performed due to the IEC standards 60034-2-3 loading test. Six operating points are performed due to the standard: 1.25, 1.15, 1, 0.75, 0.5, and 25 times of the rated load at the rated speed. The input power, Pin; output torque, Tout; stator line current; I1; phase-to-phase voltage, V; and speed, n; measurements are taken for each loading. The load test results are given in Tables 15-17 for 2.2 kW, 4 kW, and 5.5 kW SynRMs, respectively. The ideal motor model achieved from multi-parametric FEM analyses is the angular four variable-width barriers rotor that has k q = 1 insulation ratio. The 4-kW prototyped motor and its test set are shown in Figure 17b . The test system has a generic variable frequency motor driver. The inverter is supplied by a variable AC source. However, the input voltage of the inverter is fixed during the test. In the inverter operating menu, the output power and speed level of the motors are set to the required rated output. The inverter sets the speed and output power of the device under the test. Two power analyzers are used for the measurements in the test systems. The first one is located between the variable AC source and the inverter, and the second one is located between the inverter and the motor. Thus, the motor efficiency, inverter efficiency, and system efficiency can be obtained separately. As a result, SynRM efficiency is calculated by direct measurement of converter output power, corresponding to motor input power (P in ) and the mechanical power output at the motor shaft (P mech ). The test system has a torque sensor to measure the output torque of motor. The measurement is performed due to the IEC standards 60034-2-3 loading test. Six operating points are performed due to the standard: 1.25, 1.15, 1, 0.75, 0.5, and 25 times of the rated load at the rated speed. The input power, P in ; output torque, T out ; stator line current; I 1 ; phase-to-phase voltage, V; and speed, n; measurements are taken for each loading. The load test results are given in Tables 15-17 for 2. 2 kW, 4 kW, and 5.5 kW SynRMs, respectively. Since the rated output power levels have been desired to be constant, the input voltage of SynRMs are obtained slightly higher than the rated values of IMs as given in Tables 15-17 .
Comparative Results
In this section, the comparative results are given for the reference induction motors and newly designed synchronous reluctance motors for three different power ranges. Table 18 shows the general motor parameters for both induction motors and synchronous reluctance motors at the rated speed and torque. The torque is slightly different since the output power is the same and the speeds are naturally different. The reference IMs and newly designed SynRMs are forced to start with full load condition to determine the starting capability of the motors. As a result, the motors can start at full load condition for each power rating with no problems. The controller is not designed by the authors. The prototyped SynRM motors are driven by a generic commercial controller. There were no problems either for starting or operating.
Performance
Torque vs current graphs of IMs and SynRMs are given Figure 18 . These data sets are evaluated under 1500 min −1 for SynRMs and near 1500 min −1 for IMs. The reference IMs and newly designed SynRMs are forced to start with full load condition to determine the starting capability of the motors. As a result, the motors can start at full load condition for each power rating with no problems. The controller is not designed by the authors. The prototyped SynRM motors are driven by a generic commercial controller. There were no problems either for starting or operating.
IM
Torque vs current graphs of IMs and SynRMs are given Figure 18 . These data sets are evaluated under 1500 min −1 for SynRMs and near 1500 min −1 for IMs. IMs perform higher torque values at the same current values as given in Figure 18 since SynRMs have lower power factors. Input power vs. Torque graphs are presented in Figure 19 . IMs perform higher torque values at the same current values as given in Figure 18 since SynRMs have lower power factors. Input power vs. Torque graphs are presented in Figure 19 . The reference IMs and newly designed SynRMs are forced to start with full load condition to determine the starting capability of the motors. As a result, the motors can start at full load condition for each power rating with no problems. The controller is not designed by the authors. The prototyped SynRM motors are driven by a generic commercial controller. There were no problems either for starting or operating.
Torque vs current graphs of IMs and SynRMs are given Figure 18 . These data sets are evaluated under 1500 min −1 for SynRMs and near 1500 min −1 for IMs. IMs perform higher torque values at the same current values as given in Figure 18 since SynRMs have lower power factors. Input power vs. Torque graphs are presented in Figure 19 . The torque vs. total losses of the motors are given in Figure 20 . The total losses of the SynRMs are less than those of the IMs for the same torque values. The torque vs. total losses of the motors are given in Figure 20 . The total losses of the SynRMs are less than those of the IMs for the same torque values. 
Active Material
The synchronous reluctance motors were designed while keeping the same stator design, ampere-turns, and stack heights, with the reference induction motors for all three power ranges in this study as indicated above sections. The main difference is the rotor frames between the reference induction motors and the newly designed synchronous reluctance motors. All other active materials, such as laminations and stator conductors, are kept the same, except for the rotor conductor. The rotor of an induction motor includes magnetic steel and aluminum alloy as an active material. The rotor of a synchronous reluctance motor includes only magnetic steel. Since the stator lamination and stator windings are kept the same, the only difference between the IM and SynRM motors' material cost is on the rotor side. The active material usage is shown for both of the motors in Table 19 . This will give an idea about material costs of the motors. 
Thermal Performance
The thermal regime of the windings should be reached before applying the performance tests. The thermal test is performed at the nominal load. The ambient and winding temperatures are measured before starting the test. The motor should be operated at the rated load until the winding temperature does not change at 1 °K or 1 °C in a half hour measurement period. The motor reaches the thermal steady state regime if this condition is satisfied. All the electrical, mechanical, and thermal motor parameters are recorded, such as input power Pin (W), output torque Tout (Nm), line current I1 (A), phase-to-phase voltage V (V), speed n (min −1 ), frequency f (Hz), stator phase winding resistance R1(ohms), and winding temperature (°C).
The thermal analysis for the SynRMs is performed using MOTORCAD software (V10.2.3, Motor Design Limited, Wrexham, UK). The geometry is applied with cooling types and the fin thicknesses as input. The analytical thermal calculations are performed, and the results are compared to those at the rated current values. The initial temperature of the winding for 2.2 kW SynRM is 22 °C and it reaches 55 °C at the end. Similarly, the temperature test is performed for the 2.2 kW induction motor. 
Active Material
Thermal Performance
The thermal regime of the windings should be reached before applying the performance tests. The thermal test is performed at the nominal load. The ambient and winding temperatures are measured before starting the test. The motor should be operated at the rated load until the winding temperature does not change at 1 • K or 1 • C in a half hour measurement period. The motor reaches the thermal steady state regime if this condition is satisfied. All the electrical, mechanical, and thermal motor parameters are recorded, such as input power P in (W), output torque T out (Nm), line current I 1 (A), phase-to-phase voltage V (V), speed n (min −1 ), frequency f (Hz), stator phase winding resistance R1(ohms), and winding temperature ( • C).
The thermal analysis for the SynRMs is performed using MOTORCAD software (V10.2.3, Motor Design Limited, Wrexham, UK). The geometry is applied with cooling types and the fin thicknesses as input. The analytical thermal calculations are performed, and the results are compared to those at the rated current values. The initial temperature of the winding for 2.2 kW SynRM is 22 • C and it reaches 55 • C at the end. Similarly, the temperature test is performed for the 2.2 kW induction motor. The induction motor reaches higher temperature values at the same ratings. The results are given in Table 20 . The MOTORCAD results are shown in Figure 21 for the 2.2 kW SynRM.
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The induction motor reaches higher temperature values at the same ratings. The results are given in Table 20 . The MOTORCAD results are shown in Figure 21 for the 2.2 kW SynRM. The lack of rotor copper bars affects the thermal results and efficiency as well.
Vibration and Comfort Performances
Since the torque ripple is an important parameter for motor design procedure, after producing prototype SynRM motors, vibration tests are performed. Permitted vibration accelerations are given in IEC 60034-14 standards. The upper limit is defined for the motor producers as 2.5 m/s 2 for free suspension between 56 and 132 frame motors [23] . The vibration and torque ripple comparison of The lack of rotor copper bars affects the thermal results and efficiency as well.
Since the torque ripple is an important parameter for motor design procedure, after producing prototype SynRM motors, vibration tests are performed. Permitted vibration accelerations are given in IEC 60034-14 standards. The upper limit is defined for the motor producers as 2.5 m/s 2 for free suspension between 56 and 132 frame motors [23] . The vibration and torque ripple comparison of SynRM motors is presented for different power levels in Table 21 . The torque ripple results are output of the FEM analysis. It can be seen that the SynRM motors have higher vibration and torque ripple values than those of reference IMs. 
Conclusions
In low-power industrial applications product groups, efficiency, cost, and power density play an important role when system requirements are considered. In this study, three different power stage induction motors (2.2 kW, 4 kW, and 5.5 kW) are taken as the reference motors. The main aim of this study is to design and make a comparison of synchronous reluctance motors. The main difference between the induction motors and the synchronous reluctance motors is the rotor structure. The stator structure and radial air gap length are kept constant for both IMs and SynRMs. Different types of rotor design parameters are considered to make a complementary design. After the selection of the best models for each power level, the selected models are prototyped and tested for measuring their performance. SynRM has slightly higher efficiency than IM since rotor losses are eliminated. Main drawback of SynRMs are the low-power factors. IMs provides higher torque values at the same current levels and requires lower input power for the same output power.
As a result, considering losses, cost, and power density, the newly designed synchronous reluctance motor prototypes give an alternative compared to the reference induction motors. The stator winding can also be designed for a future work to justify the input voltage levels of SynRMs. Increasing the stack length would be another solution to decrease voltage levels. The reliability, torque ripple, vibration improvements, and power factor optimization are worth investigating further. 
